Background: Total daily physical activity is associated with a wide range of adverse health outcomes. We examined the extent to which quantitative measures of gait and balance abilities were associated with total daily physical activity, controlling for a variety of potential covariates. Methods: Participants (n = 608) were older adults participating in the Rush Memory and Aging Project, a community-based cohort study of aging. Objective measures of total daily physical activity were derived from a wearable device. Gait and balance abilities were objectively quantified using a body-fixed sensor. We also collected measures of other motor functions, cognitive and psychosocial factors, and chronic health. We employed linear regression models to identify facets of mobility significantly associated with total daily physical activity, and tested for independence of these associations when all significant covariates were considered together in a final model. Results: Three gait and balance measures were independently associated with total daily physical activity (p < .01), together accounting for approximately 16% of its variance. Other motor measures, cognitive and psychosocial factors, and chronic health accounted for 8.8%, 4.9%, and 6.4% of the variance, respectively, when considered in isolation. Considered together in a single model, all significant covariates accounted for approximately 21% of the variance in physical activity. Conclusions: Gait and balance measures from a body-fixed sensor are strongly associated with objectively measured total daily physical activity in older adults. However, given the importance of physical activity to many health outcomes, further work is needed to more completely characterize the factors that may influence physical activity.
Physical activity is a modifiable behavior with a wide range of potential health benefits (1) . Therefore, public health efforts have focused on promoting a more active lifestyle or, alternatively, reducing sedentariness as a means of improving the health of older adults (2) . Traditionally, community-based studies have relied on self-report, questionnaire-derived measures of physical activity (3) . In recent years, however, technologic advances have led to the availability of unobtrusive, wearable devices that can capture movement continuously over the course of several days by means of a small accelerometer, thereby yielding a measure of total daily physical activity that is free from recall bias and other sources of subjectivity (4) . Previous work has shown that measures of total daily physical activity from these devices are associated with important health-related outcomes such as mortality (5) , incident disability (6), cognitive decline (7), mild cognitive impairment (8) , and incident Alzheimer's disease (7) .
Continuous recordings of total daily physical activity include contributions from both exercise and nonexercise movements that are dependent on a wide range of motor abilities, especially the ability to ambulate. Therefore, poor gait and balance abilities that degrade or limit the capacity to move (ie, mobility limitations) are likely to be important determinants of total daily physical activity, the extent to which older adults actually move in their everyday environment. In prior work in this cohort, we found that a body-fixed sensor comprising small electronic accelerometers and gyroscopes can be used to quantify diverse facets of mobility in the community setting (9) . These novel measurements complement traditional timed gait performance measures and allow clinicians and investigators to assess a wider range of gait and balance abilities without additional testing burden for participants. However, the extent to which the quantified gait and balance abilities are independently associated with an actigraphic measure of total daily physical activity is unknown.
This study examines the extent to which quantitative measures of gait and balance are associated with total daily physical activity, controlling for a wide range of clinical covariates that may potentially affect physical activity level. We quantified total daily physical activity in 608 nondemented, community-dwelling older individuals from recordings made with an omnidirectional accelerometer (Actical; Mini Mitter, Bend, OR) worn on the wrist continuously for up to ten days. Gait and balance abilities were quantified from recordings obtained during structured mobility testing in the community setting using a second device, a body-fixed sensor (DynaPort Hybrid, McRoberts B.V.). Additional covariates collected during the same testing cycle included traditional motor performance measures as well as nonmotor features, namely cognitive factors and chronic health. Via a series of regression models and employing variable selection techniques, we identified the gait and balance measures that were associated with total daily physical activity, independent of a diverse range of other clinical covariates. We also quantified the portion of cross-sectional variance in total daily physical activity accounted for by these gait and balance measures as well as the clinical covariates.
Methods

Participants
Participants were from the Rush Memory and Aging Project (MAP), an ongoing longitudinal clinical-pathological study of aging that began in 1997 (10) . MAP participants provide informed consent at enrollment, and the study is administered in accordance with the Declaration of Helsinki and the protocols approved by the Institutional Review Board of Rush University Medical Center. While collection of actigraphic physical activity recordings began in 2005, instrumentation of the annual mobility testing with a bodyfixed sensor occurred later, in 2011. At the time of these analyses, there were 608 participants with valid actigraphic and instrumented mobility recordings available from the same testing cycle.
Total Daily Physical Activity
Participants wore the actigraphy device on the nondominant wrist continuously for up to 10 days. The mean activity count for each 15-second epoch was written to the device's onboard memory. Mean total daily physical activity was computed based on all available full days of recording as described in the Supplementary Methods and in prior publications (7) .
Body-fixed Sensor Gait and Balance Quantification
During an instrumented gait and balance testing protocol, additional details of which can be found in the Supplementary Methods, participants who could ambulate independently wore a body-fixed sensor (DynaPort) positioned on the lower back. The sensor records acceleration along and rotation rate around each of three orthogonal axes at 100 samples per second. Further details of the pipeline through which gait data are collected and ultimately integrated with available clinical data are conveyed in Supplementary Figure S1 . The current study analyzed gait and balance metrics derived from recordings of three tests: a 32-foot walk, the Timed Up and Go (TUG), and a 20-second period of standing with eyes closed. Measures derived from these recordings (see Supplementary Table S1 for raw measures) were summarized into scores representing five different mobility subtasks as described in a prior publication (9) .
Other Covariates
Three additional groups of covariates that have the potential to confound the associations of motor abilities with total daily physical activity by degrading motor capacity or affecting an individual's propensity to engage in physical activity were examined in these analyses. These included: (i) other nongait motor measures, (ii) cognitive and psychosocial factors, and (iii) chronic health status. Supplementary Table S2 provides a list of the covariates included in these three categories. A description of the methods by which they are collected and computed is included in the Supplementary Methods.
Statistical Analyses
All analyses were carried out using SAS/STAT software, version 9.3 (SAS Institute Inc., Cary, NC). We assessed correlations among the 13 device-derived gait and balance scores using Pearson's r presented as a graphical heat map. We then performed 13 separate linear regressions, with each gait score taking on the role of explanatory variable of interest and age-and sex-adjusted total daily physical activity as the outcome. For each of the five mobility subtasks contained within the three main tasks (ie, walking, transitioning from sitting to standing, turning 180 degrees, transitioning from standing to sitting, and standing with eyes closed), the scores for which p was less than .05 were entered in a backward elimination routine, which proceeded until all remaining terms had p less than .1. We then extracted a summary score for each subtask by calculating each participant's expected value of total daily physical activity based on the estimated model parameters. These summary subtask scores were entered together in a combined regression model along with traditional timed measures of mobility performances, and elimination proceeded until all terms had p less than .1. In this way, we identified the gait and balance abilities and their constituent measures that were independently associated with total daily physical activity and quantified the percentage of its cross-sectional variation for which they accounted.
We employed the same approach to examine the relation of three additional categories of covariates to total daily physical activity. Briefly, after computing correlations among all variables, we performed backward elimination within each subcategory of covariates and computed a summary score for the subcategory based on its remaining terms. Summary scores within the same overarching category were subjected to another backward elimination step to identify those scores that were independently associated with total daily physical activity. We then carried out a series of regression models to determine whether the associations of gait and balance scores with total daily physical activity were attenuated after controlling for the three categories of clinical covariates.
In analyses involving many covariates, as in the current work, there exists potential for genuine associations to be obscured due to, for example, instability in the results of the backward elimination of variables. Such a problem may stem from the a priori categorization of variables as well as the deterministic order of their removal from the models. To guard against this and further validate key findings, we repeated the analyses using an alternative variable selection approach, a penalized likelihood technique with a smoothly clipped absolute deviation (SCAD) penalty, which in comparison to traditional variable selection methods has advantages such as unbiasedness, sparsity, and continuity (11) . In addition, SCAD accomplishes simultaneous rather than stepwise variable selection and parameter estimation, thereby easing the multiple testing burden that might have inflated the family-wise error rate in the backward elimination approach.
Results
Metric Properties of Total Daily Physical Activity
As shown in Table 1 , the mean value of total daily physical activity after adjustment for age and sex was about 3.5 counts/day ( ×10 5 ), with a range of 1.2-7.0 and lower and upper quartiles at 2.9 and 4.0, based on an average of 9.6 days of actigraphy recordings (SD = 1.3). The mean total daily physical activity was slightly higher than in previous studies in the same cohort (6, 12, 13) due to the exclusion of individuals who were unable to complete the structured mobility exam. Total daily physical activity was lower with increasing age (0.022-unit decrease per year, F 1,606 = 125.3, R 2 = .17, p < .0001) and was higher in females (0.09 unit difference, t 606 = 2.47, p = .014). Correlations among total daily physical activity and gait and balance abilities as well as other covariates are illustrated in Supplementary Figure S2 .
Gait and Balance Abilities and Total Daily Physical Activity
Descriptive statistics for 13 measures of gait and balance ability derived from the body-fixed sensor recordings appear in Table 1 . As shown in Table 2 , nine of these gait and balance scores were associated with total daily physical activity (p < .05) when considered individually. Of these, six scores spanning four of the five mobility subtasks remained in the model after backward elimination within the subtasks ( Table 2 ). The final model retained the summary scores for the walking, sit-to-stand transition, and 180-degree turn subtasks, which together accounted for about 16% of the variation in the age-and sex-adjusted total daily physical activity (Table 2) .
Other Covariates and Total Daily Physical Activity
Descriptive statistics for additional covariates included in the analyses are given in Supplementary Table S2 . Covariates associated with total daily physical activity were identified within all three categories, and the within-category backward elimination of summary scores for those subcategories is presented in Supplementary  Table S3 . Within the category of other motor-related factors, parkinsonian signs and body composition retained significant association with total daily physical activity and accounted for about 9% of its variance when considered in isolation from other factors. Within the category of cognitive and psychosocial factors, selfreported engagement in social and physical activities accounted for about 5% of the variance. Within the chronic health category, medical conditions and lab measures accounted for about 6% of the variance.
Gait and Balance Abilities, Other Covariates, and Total Daily Physical Activity
We carried out a final series of linear regression models designed to clarify the relative association of each subtask's or subcategory's summary score with total daily physical activity. The base model included summary scores for the three gait and balance motor subtasks that remained after the backward elimination routine (walking, sit-to-stand transition, 180-degree turn), which together accounted for about 16% of the variance in total daily physical activity, as shown in Table 3 . The addition of parkinsonian signs and body composition (other motor category) increased the explained variance of total daily physical activity by 1.4%. Next, we added the summary score for self-reported participation in social and physical activities (cognitive and psychosocial factors), which accounted for an additional 1.4%. Finally, we included summary scores for chronic medical conditions and lab measures (chronic health), which explained an additional 1.8 percentage points, for a total of more than 20% of the variance of total daily physical activity, as illustrated in Figure 1 . Gait and balance summary scores remained associated with total daily physical activity after controlling for all three additional categories of covariates.
In further analyses, we examined whether the association between objective gait and balance metrics and total daily physical activity differed in participants who reported low levels of exercise-related activity compared to those who reported high levels. We stratified participants based on their self-reported time spent per week engaging in five specific types of exercise-related activities (see Supplementary Methods). Gait and balance metrics accounted for 33.0% of the variance of total daily physical activity in the lowest quintile of self-reported activity, versus 10.3% in the highest quintile.
Alternative Variable Selection Method
We employed an alternative statistical technique, SCAD, to further validate key findings. As shown in Supplementary Table S4, the final model according to SCAD included gait and balance scores from the same three mobility subtasks as in the backward elimination approach.
SCAD also identified parkinsonian gait as a relatively strong correlate of total daily activity, in agreement with results of the backward elimination strategy. Within the category of cognitive factors, SCAD and backward elimination both identified late life participation in physical activities as a contributor to total daily physical activity. Only within the chronic health category did the results of the SCAD technique substantially diverge from the backward elimination results.
Discussion
In the current work, we examined the extent to which quantitative measures of gait and balance were associated with an objective measure of total daily physical activity in more than 600 older adults. Gait and balance abilities quantified using a body-fixed sensor worn during structured mobility testing accounted for 16% of the total variation in total daily physical activity. A wide range of diverse covariates including other motor abilities, cognitive factors and resources, and chronic health conditions and laboratory measures were independently associated with total daily physical activity and accounted for an additional 5% of its variation when considered in the same model with measures of gait and balance. Thus, gait and balance accounted for the largest portion of explained variance in total daily physical activity. Nonetheless, most of the variance remained unexplained. Further work is needed to explicate the potentially complex relation of other biologic, psychosocial, and environmental factors underlying total daily physical activity, which may be leveraged to promote higher levels of physical activity in community-dwelling older adults.
A growing literature implicates the total daily physical activity metric as an important correlate-and in many cases a likely determinant-of a variety of health outcomes that impact heavily on successful aging, including mortality (5), incident disability (14) , cognition (15) and cognitive decline, and incident Alzheimer's disease (7) . Walking is a prominent feature of mobility related to many of the exercise and non-exercise movements encompassed by measures of physical activity. Studies have revealed an association of walking speed, one of the most salient and easily measured parameters of gait, with self-reported habitual physical activity level in late life (16, 17) , consistent with raw correlations observed in the current work (Supplementary Figure S2) . Activity monitors employed for prolonged recordings demonstrated stronger association of physical activity level with gait speed and other facets of mobility derived from timed tests (18) . Now, technologic advances permit more detailed assessment of mobility beyond measurement of gait speed in the community setting. A recent study employing instrumented gait testing reported on the associations that physical activity has with variability in step length and stance time (19) , which may not be visually discernible to trained research personnel. Overall, however, there are few data to elucidate the joint contributions of speed and other facets of mobility with objective measures of total daily physical activity. Instrumented gait and balance testing for enhanced quantification of these abilities represents a promising avenue for expanding this area of research.
In the current work, diverse gait and balance measures showed differential associations with total daily physical activity. These findings have potential to be of particular importance in efforts to individualize interventions for complex phenotypes such as physical activity in older adults. The summary score for speed remained the only measure from the walking subtask that was independently associated with total daily physical activity. Outside of the walking subtask, the sit-to-stand transition (S1) of the TUG performance, specifically the rate at which participants gathered forward momentum during S1, was also associated with total daily physical activity. Those who accelerated forward more rapidly tended to be more physically active. In this regard, the association of the S1 transition with total daily physical activity dovetails with the idea that the ease with which an individual rises from a chair effectively summarizes motor abilities including planning, balance, and lower extremity strength, which also influence physical activity level. The 180-degree turning subtask was also associated with total daily physical activity. Individuals who turned more rapidly, but with less frequent (and therefore fewer) steps were more likely to have higher levels of total daily physical activity. The opposite pattern of turning (slower turning with more steps) resembles that observed in association with Parkinson's disease, representing one plausible pathway by which poorer performance in the 180-degree turn subtask could be linked to lower levels of total daily physical activity (20) .
An important finding in this study was that body-fixed sensory mobility metrics accounted for about 16% of the variance of total daily physical activity. The modest association of these metrics suggests that they may measure separate but related constructs (21) .
Instrumented gait testing provides a snapshot of diverse gait and balance abilities that underlie an individual's capacity to move during a short structured mobility testing session. Conversely, total daily physical activity was derived from continuous actigraphic recordings and conveys the extent to which an individual actually moved over the course of several days. Since physical activity is a volitional behavior, an individual with above average mobility capacity might nonetheless choose to sit on a couch or remain in bed, leading to a low value for total daily physical activity. Alternatively, an individual in a supportive environment might find ways to remain physically active despite poor gait and balance capacity. These results underscore the complexity of late-life motor impairment and the importance of developing strategies to improve both motor capacity and motor function. The availability of unobtrusive devices that measure both motor capacity and function in the same individual has potential to facilitate investigations that could help to elucidate the extent to which these distinct constructs differ and may be amenable to targeted interventions.
Quantitative mobility measures were independently associated with total daily physical activity when controlling for a wide range of clinical covariates thought to potentially influence physical activity. When considered together in a single model, these non-gait clinical covariates explained an additional 5% of the variation in total daily physical activity. While this percentage may seem small, converging evidence from recent genetic and autopsy studies underscores that complex clinical phenotypes are not driven by single genes or pathologies. Even when a significant association is identified, single factors may only account for a small percentage of the phenotype's variance (22, 23) . Thus, at a population level, the explanation of 5% of the variation of a complex construct such as total daily physical activity is an important finding.
Nonetheless, despite considering quantitative mobility metrics and many common clinical covariates, the majority of the variance of total daily physical activity remained unexplained. Since physical activity is a complex construct that depends on multiple physiologic Figure 1 . The majority of the variance in total daily physical activity was unexplained by variables included in these analyses. Of the explained variance, most was accounted for by measures of gait and balance abilities, while smaller portions were accounted for by three other categories of variables.
systems (24), had we employed analogously detailed metrics for cardiopulmonary function, bioenergetics (25) , body composition (26) , and musculoskeletal function (27), we might have accounted for a larger proportion of the variance of total daily physical activity. Several other important factors were not accounted for in the current work and could more fully characterize the keys to a physically active lifestyle in later life. For example, sleep quantity and quality, recognized as important influences on cognitive performance (28), might also contribute to variation in motor performances and physical activity level (29) . Pain is another likely factor that may reduce total daily physical activity in older adults with otherwise good gait abilities (30) . The volitional hurdle to be physically active in daily life may also be profoundly affected by environmental factors. For instance, the "walkability" of the local environment (31) and sources of social support (32) may raise or lower barriers to physical activity in the community setting. Further work is needed to integrate measures such as sleep, pain, and barriers to physical activity in future investigations of total daily physical activity.
This study has strengths as well as certain limitations. First, we designed analyses of the current study with the total daily physical activity metric serving as the outcome, taking the simplified viewpoint that activity level is the output of a multitude of biologic systems and factors, each of which might be intervened upon to counteract late life declines in physical activity level. In actuality, reverse or circular causality must also be considered and may in fact figure prominently in the associations of total daily physical activity with several of the gait and nongait factors included in the current work (33, 34) . Given that our data were cross-sectional and originated from a selected observational cohort, our results need to be replicated in more diverse cohorts, and future longitudinal studies will be necessary to provide an empiric approach to disentangling direction of causality. Moreover, as suggested by results of the stratified analysis, it will be important to determine whether associations between mobility metrics and total daily physical activity identified in the current cohort vary between sedentary and more active older adults. A notable strength of the current study is the wide range of covariates included in the analyses and the relatively large number of well-characterized subjects. Despite this wealth of data, most of the variation in total daily physical activity went unaccounted for, an apparent reflection of the complexity of the activity construct. A corresponding opportunity exists for future work to quantify and examine additional dimensions of gait and balance, as well as biologic, psychosocial, motivational, and environmental factors that may contribute to total daily physical activity and, conversely, to sedentariness.
In conclusion, the current work extends the growing efforts to leverage available technology to quantify mobility and physical activity among older adults. The feasibility of employing instrumented mobility testing with an unobtrusive body-fixed sensor in a large number of older adults in the community-setting lends support to the notion that similar techniques could one day be used to quickly and easily assess mobility outside of specialized labs or via telemedicine. This study also provides evidence that combinations of devices can be employed in the same individuals to capture both motor capacity as well as the extent to which individuals actually move in their everyday environment. This emphasizes that distinct risk factors and targeted interventions may be necessary to improve both aspects of physical function in older adults. Finally, our results underscore the complexity of total daily physical activity and the need for further studies to more fully elucidate its underlying biology to guide public health efforts to reduce sedentariness and increase physical activity in older adults.
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